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Does allergy explain why some children have severe asthma?
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Abbreviations
SA	severe asthma
STRA 	severe therapy-resistant asthma
ICS	inhaled corticosteroid
AR 	allergic rhinitis
SPT	skin prick test
sIgE	specific immunoglobulin E
WHO	World Health Organisation
HDM	house dust mite
SMART	Symbicort maintenance and reliver regime
OR	odds ratio
CI	confidence interval
FA 	food allergy
SAFS	severe asthma with fungal sensitisation
ABPA	allergic bronchopulmonary aspergillosis 
FENO	fraction exhaled nitric oxide
HRV	human rhinovirus



Abstract
Asthma is a common disease in childhood with a minority of affected children having severe therapy-resistant asthma (STRA). Children with STRA can be differentiated from those with mild-moderate disease by greater allergic sensitisation, increased eosinophilic airway inflammation, increased airway remodelling, and reduced corticosteroid responsiveness. The aetiology of STRA in children is multifactorial but allergy seems to play a key role. Many children with asthma have co-existing allergic disease, and severe rhinitis seems to be an important driver of STRA in children.  Allergies to foods, moulds, pollen and pets  have also  been associated with severe asthma exacerbations. Identifying allergens that are driving asthma symptoms in children with STRA may provide additional strategies for improving their disease control. Avoidance strategies may be possible. Additional monoclonal antibody therapy with Omalizumab or Mepolizumab may be helpful in children with clinically important polysensitisation. 


Introduction
Asthma is the most common chronic lung disease of childhood and affects approximately 25% of children in the United Kingdom.1 Fortunately, most children with asthma achieve good symptom control with low-dose inhaled corticosteroid (ICS). Some children have asthma that is difficult to treat despite high doses of ICS and additional controller medications due modifiable factors, commonly poor adherence to ICS or persistent exposure to environmental triggers.2 These children with ‘difficult asthma’ account for up to 97% of referrals to paediatric asthma clinic and can achieve good symptom control if these modifiable factors are adequately addressed.3 However, 2-5% of children with asthma remain symptomatic despite addressing modifiable factors and treatment with high-dose ICS, long-acting β2-receptor agonists, leukotriene receptor antagonists and occasionally systemic corticosteroids.4-9 These children have ‘severe therapy-resistant asthma’ (STRA) (Box 1).10 Despite the low prevalence of STRA, it accounts for significant morbidity and almost 50% of total asthma-related expenditure.5,7,11 
It is imperative that children with difficult asthma undergo thorough assessment to identify and address modifiable factors before undergoing invasive investigations and further escalation of potentially harmful treatments for STRA.12 This involves confirming the diagnosis of asthma by demonstrating variable and reversible airflow obstruction,13-15 ensuring adherence to treatment by checking general practitioner prescription records and that the appropriate inhalers are available on the home visit,2,16 and checking the child’s inhaler technique,17 It is also necessary to minimise exposure to environmental allergens where possible,2 avoid pollutants including cigarette smoke,13 and manage comorbidities including obesity,9 dysfunctional breathing and vocal cord dysfunction, allergic rhinitis and food allergy.18,19 
Clinically, children with STRA are differentiated from those with mild-moderate disease by greater allergic sensitisation, increased eosinophilic airway inflammation, increased airway remodelling, reduced lung function and reduced corticosteroid responsiveness.2,20,21 This is further complicated because children with STRA are themselves a heterogeneous group in terms of lung function, inflammation and allergic sensitisation, and different phenotypes of STRA are being recognised.2,20,22-25 Improving our understanding of the factors driving STRA may allow better targeting of therapy and potentially improve outcomes.26 
STRA and Allergy
Allergy is likely to be an important factor involved in STRA as children with more severe asthma are more atopic (have more allergic sensitisations), and tend to be exposed to higher levels of allergens to which they are sensitised when compared with children with mild asthma.13,27 Plus the greater the number of organ systems affected by allergy, the worse the prognosis of each of the allergic diseases (e.g. eczema, food allergy), and particularly asthma.28 It is plausible that persistent exposure to allergens, which may also manifest as rhinitis, eczema or food allergy, may drive airway inflammation and STRA. Reducing exposure to environmental allergens and anti-IgE therapy are both effective in managing STRA thereby supporting this hypothesis.14,18 
In this review we examine the hypothesis that asthma is an allergic disease of the airways and propose that allergy is a key determinant of STRA (see online supplement for search strategy). The role of allergic co-morbidities and environmental allergen exposure in STRA will be the focus of this review. Diagnosing asthma in pre-school children that wheeze is challenging, so we do not consider this age group here.

Box 1. Definitions of severe asthma in school age children
Various definitions of severe asthma (SA) in this age group are used, including:
‘Problematic severe asthma’ – asthma that remains poorly controlled despite high-dose inhaled steroids (≥ 800µg/day budesonide or equivalent), additional controller medication, and on stage 4/5 of the British Thoracic Society/Scottish Intercollegiate Guidelines Network guideline. 
‘Difficult asthma’ –the subset of problematic SA which is poorly controlled due to: incorrect diagnosis, aggravating comorbidities, poor adherence to treatment, inadequate inhalation technique, persistent exposure to environmental allergens or pollutants, or adverse psychosocial factors, which may manifest as dysfunctional breathing or vocal cord dysfunction.13 
‘Severe therapy-resistant asthma’ –the small subset of patients that remain symptomatic despite management of the above factors. This term is reserved for patients with poor baseline asthma control or frequent severe exacerbations despite high intensity treatment, where alternative diagnoses have been excluded, co-morbidities treated, environmental triggers eliminated (where possible), and compliance optimised.10,13

The terms ‘difficult asthma’ and STRA (Box 1) are becoming more widely adopted in publications, allowing results to be compared and conclusions drawn. Unfortunately, the vague term ‘severe asthma’ is still used relatively indiscriminately in some publications to describe children with any features of more severe asthma based on: reported symptoms, treatment requirements, frequency of exacerbations, objective measures of airflow limitation or measures of inflammation. Given the apparent heterogeneity among patients with STRA, it is essential that we accurately classify and characterise these patients in order to draw accurate conclusions about factors implicated in the disease and effectiveness of interventions. 

STRA and allergic co-morbidities
Allergic Rhinitis
Allergic rhinitis (AR) involves allergen-driven inflammation of the upper airways, and affects approximately 80% of children with asthma, although it is often underdiagnosed and undertreated.18,29-33 Many studies in children have shown that AR, especially if severe and persistent, is associated with markers of more severe asthma, including increased night-time cough, increased beta-agonist and steroid use, more frequent episodes of wheeze limiting speech, more frequent hospitalisation and more missed school days.18,30,34-41 In a survey of 3066 Japanese children with asthma, severe AR was associated with uncontrolled asthma identified on the Childhood Asthma Control Test (Odds Ratio (OR) 3.88, 95% Confidence Interval (CI) 2.05-6.00), and there was a significant positive correlation between increasing AR severity and asthma severity (p<0.001).42 
The ‘unified airway’ concept suggests that upper airway disease (AR) and lower airway disease (asthma) are both manifestations of the same IgE-dependent eosinophilic inflammatory process, being driven primarily by exposure to inhalant allergens.19,34,43 The association between AR and asthma severity could then be explained by the larger burden of inflammation seen when both conditions are present. It is also possible that the relationship between AR and asthma could be, at least in part, causal. One study confirmed that the association between AR and SA remained significant even after adjustment for total serum IgE and polysensitisation to aeroallergens, suggesting rhinitis may directly impact on asthma severity.30 Studies showing that provocation of nasal mucosa with allergen in patients with AR caused pulmonary symptoms and decreased airway function, and similarly segmental bronchial provocation triggered nasal inflammation, support the unified airway concept.34,44,45 AR may also be causally linked to asthma severity through impaired function of the upper airways, which includes filtering, warming and humidifying air before it reaches the lower airways.19,34,45-47 This idea is supported by findings of significantly impaired lung function in children with moderate-severe persistent rhinitis, compared to mild intermittent rhinitis, in children without overt asthma symptoms, which was independent of atopic status.48 Nasal obstruction due to AR necessitates mouth-breathing which may result in bronchial hyperreactivity due to cold dry air, and greater delivery of allergens to the lower airways.44,46 These mechanisms may underlie the relationship between AR and STRA.
The Royal College of Paediatrics and Child Health pathway for children with asthma or rhinitis recommends that a detailed assessment should be performed to detect the presence of the other condition.19 This should include an assessment of allergen triggers for nasal symptoms with skin prick test (SPT) or specific IgE (sIgE) testing to guide avoidance of these triggers.19 Where both conditions exist, ongoing management should address the upper and lower airways together.19 The recommended first-line treatment of moderate-severe persistent AR in children is intranasal corticosteroid, if necessary with oral second-generation non-sedating or intranasal antihistamines, and saline nasal washes.33,34,49,50 Oral leukotriene receptor antagonists may be considered where symptoms persist.33,49 Observational studies have suggested that intranasal corticosteroid use improves asthma control in children, consistent with clinical trials in adults, but no randomised controlled trials looking at the effects of treatment of AR on asthma control in children were identified.29,30,34,36,50 Anti-IgE monoclonal antibody, Omalizumab, improves nasal and bronchial symptoms in patients with AR and STRA.34  Specific immunotherapy to allergens including pollens and house dust mite (HDM) which trigger AR is generally contraindicated in children with STRA due to the potential for adverse effects, but has successfully treated AR in children with mild or no asthma.33,34 

Eczema
Eczema affects 15-38% of children and usually precedes the onset of asthma.28,51-55  The filaggrin gene has been identified as important in eczema, with loss-of-function mutations being associated with skin barrier dysfunction and an increased incidence of asthma.51,53 In one birth cohort study, eczema with filaggrin loss-of-function mutations was associated with STRA and reduced lung function at puberty.22 We can speculate that ongoing exposure of eczematous skin to allergens may result in the development of polysensitisation, driving systemic allergic inflammation and worsening of asthma symptoms. Alternatively, the association between eczema and asthma may not be causal. Randomised controlled trials (eg ClinicalTrials.gov NCT02449850) of skin barrier agents are now ongoing and may provide more information in time. 

Food allergy
Food allergy (FA) affects 2.5-4.2% of all children and 10% of children with asthma, and is associated with asthma severity, including more night-time symptoms, higher steroid requirements, more frequent asthma exacerbations and more hospital and intensive care admissions.18,54,56-58. In a prospective study of 174 children less than 36 months old sensitised to food and aeroallergens on SPT, follow-up 7-14 years later showed those with persistent food and aeroallergen sensitisation had much more severe asthma compared with those that had only aeroallergen sensitisation.56 In the National Cooperative Inner City Asthma Study, children aged 4-9 years with asthma and food sensitisation on sIgE testing had significantly higher rates of hospitalisation and required significantly more steroid medication than those not sensitised to food.59 A study by Roberts et al. found children with acute life-threatening asthma requiring ventilation were much more likely to have clinical FA than those attending the emergency department with non-life threatening exacerbations.60 Additionally, a study of 201 children with asthma found peanut and milk allergy were independently associated with hospitalisations for asthma exacerbations.61 In other studies multiple food allergies have been associated with STRA16,59,61
It is not clear whether the observed relationship between STRA and FA is due solely to a shared stronger atopic tendency, or whether a causal pathophysiological link is responsible.62 Several mechanisms have been proposed for a causal link. Firstly, some anaphylactic reactions to food may be misdiagnosed as acute exacerbations of asthma, especially where exercise is a co-factor for severe reactions to food.57,60,62,63 In a retrospective analysis of the records of 73 children admitted to intensive care with asthma, a diagnosis of anaphylaxis was considered possible in 17.8% and highly likely in 4.1%.63 Secondly, ingestion of food allergens in some children may cause a less severe allergic reaction manifesting primarily as worsening of asthma symptoms. Whilst FA manifesting as asthma is thought to be rare, it has been reported that ingestion of food allergens in children with asthma can trigger asthma symptoms up to 30% of the time.54,57 Thirdly, it has been proposed that chronic inhalation of aerosolised food allergens may increase asthma severity.60,62 Occupational asthma in adults is widely recognised, with Baker’s asthma being most commonly due to inhalation of airborne flour in those with wheat allergy, though milk powder, egg, carob bean and soya flour have also been implicated.60,62 The pathophysiology and histological findings of occupational and allergic asthma in adults are similar, but studies in children were not identified.62 
Despite the uncertain nature of the relationship between STRA and FA, having both conditions is a risk factor for increased morbidity and mortality, so accurate diagnosis of FA in children with STRA is essential and both conditions should be managed optimally.54,64 Referral to a dietician for education on food avoidance, reading of food labels, appropriate food substitutions, and monitoring of growth is recommended. Regular patient and parent education regarding appropriate treatment of allergic reactions including autoinjector use is vital, since many fatal cases could have been avoided by more prompt adrenaline administration.65 Optimal asthma management and compliance with treatment is needed to reduce the risk of fatal food-related anaphylaxis associated with accidental exposure.65 

STRA and environmental aeroallergens
Common aeroallergens include HDM (Dermatophagoides pteronyssinus and farinae), cat, dog and mouse epithelium, grass, tree and weed pollens, and moulds (Aspergillus fumigatus, Alternaria alternata, Cladosporium herbarum and others).66-68 In warmer climates cockroach, rice dust, mosquito and housefly sensitisation are also common.69 
House Dust Mite
In the UK 65% of children with asthma are sensitised to HDM, ,70 and exposure to HDM results in asthma symptoms.71,72  In a randomised study of 82 children with asthma, there was a positive linear association between increasing asthma severity and response to chemical HDM control measures, suggesting that HDM exposure is important in driving asthma symptoms.73 A study of 546 inner-city adolescents with moderate-severe asthma found that higher HDM levels correlated with reduced lung function, higher airway inflammation and a greater risk of asthma exacerbation and hospitalisation.74 
The management of children with asthma who are HDM sensitised involves attempts to minimise exposure to HDM in the home, pharmacotherapy to reduce the allergic response, and occasionally immunotherapy to induce tolerance and modify the disease process if asthma is not severe.67,71,75 Not all methods of reducing exposure to HDM have been demonstrated to work.76,77 However, a double-blind randomised controlled trial of mite-impermeable or placebo bedding covers used for 12 months in children sensitised to HDM, after a recent emergency hospital attendance for asthma, showed mite-impermeable covers halved the risk of emergency hospital attendance.70 In this study there was no reduction in the frequency of prednisolone use for exacerbations, but given the relatively low cost of the intervention and reduction in severe exacerbations requiring hospitalisation, mite-impermeable covers should be recommended for children with asthma and HDM sensitisation.
Pets
Allergy to cats and/or dogs is associated with increased bronchial hyper-responsiveness and airway inflammation, and is considered to be a risk factor for ongoing asthma morbidity.78-80 In children sensitised to their pet, pet allergen levels in house dust samples have been associated with asthma severity.81 In a study of 963 adolescents in Sweden, there was a highly significant positive relationship between sIgE titres to dog or cat allergens and asthma severity, measured by frequency of asthma exacerbations and medication use.82 In a study comparing children with severe and controlled asthma, the frequency of sensitisation to cat, dog and horse on SPT was similar between the groups but the levels of animal sIgE were significantly higher in the severe group, and they were more likely to be triple sensitised to the three animals.79 Polysensitisation to animals has been reported elsewhere to be associated with increased asthma severity in children.83 
It is increasingly being recognised that pet allergens are readily transferred and exposure is ubiquitous in homes, schools and indoor public spaces.34,67,79,82 A study of 831 homes in the United States found cat and dog allergens in dust samples from >90% of homes, despite only 32% of homes having a dog and 24% having a cat.81 In the Swedish study, 50% of the adolescents with persistent asthma sensitised to cat or dog lived in a home with no animals, and 85% of those with asthma sensitised to cat had no cat at home.82Even small amounts of cat allergen on the clothes of classmates at school is sufficient to cause asthma deterioration in some children.14 Therefore sensitisation to cat and/or dog may also be contributing to worse asthma control in children from pet-free homes. These studies suggest pet exposure in sensitised children may be a driver of STRA, and all children with STRA, regardless of presence or absence of pets in the home, should be routinely tested for sensitisation to cats and dogs.79,84 
Judging the impact that pet exposure has on a child’s asthma is very difficult as it is impossible to entirely eliminate pet allergen exposure, and an improvement in asthma symptoms on removing the child from the home with the pet is typically only seen after 2-3 weeks.72 Also, when pets have been in the household for a long time, early phase histamine mediated immediate symptoms of itch may be abolished although late phase asthma one persist; so caregivers may not recognise the impact on their child’s asthma and so may under-report symptoms. Measures that can effectively reduce pet allergen load, including high-efficiency vacuum cleaners and air filtration systems, have been shown to improve asthma control in sensitised children.80 In a study of adults with pet allergy and asthma, those that removed the pets from their home required less medication and had less bronchial hyper-responsiveness at follow-up compared to those that kept their pets.81 Similar studies in children were not found. We know that many people continue to live with a pet despite being allergic and removal of the pet from the household can have a dramatic psychological impact on a child.79,81 The lack of published evidence makes it difficult to insist families remove household pets, but for children with STRA and significant sensitisation on SPT and sIgE it would seem sensible to recommend re-homing the pet, at least for a trial period.  
Several studies have investigated whether early regular exposure to pets in the home could reduce allergic sensitisation and asthma development in children.82 Results suggest being raised in a home with a cat does not increase the risk of sensitisation or asthma development, but no benefit in terms of developing tolerance to cats/dogs has been consistently demonstrated.85,86 For now advice should not be given to avoid or specifically acquire pets for primary prevention of asthma or pet allergies.85
Increasingly, the impact of exposure to pests particularly in low socio-economic areas on asthma severity in children is being understood. Mouse allergen is common in inner-city homes and schools, and high allergen load is associated with significant increased hospital presentations, reduced spirometry and bronchodilator reversibility, increased baseline asthma treatment, and increased Composite Asthma Severity Index (CASI).67,87,88 Similarly, cockroach exposure is common in inner-city homes in the United States and some areas of Europe and has been associated with asthma severity,89,90 Successful reduction in cockroach exposure using insecticidal bait in the homes of children with moderate-severe asthma was associated with a significant reduction in frequency of asthma symptoms, healthcare utilisation and missed school days due to asthma symptoms.91 In children with STRA, investigation to detect sensitisation and level of exposure to pests should be considered, particularly in low socio-economic areas, and exposure minimised through pest management.

Moulds
Mould spores are widespread in indoor and outdoor environments and increased levels have been associated with increased asthma symptoms and hospital admissions for asthma.67,68,92,93Sensitisation to one or more mould in children has been associated with severe asthma (defined by GINA classification), more frequent asthma exacerbations, increased admissions to intensive care, and increased use of maintenance oral steroids.24,94,95 Frequency of sensitisation and degree of skin-test positivity to Alternaria has been strongly linked to asthma severity, and exposure in those sensitised is associated with more frequent severe and life-threatening episodes of asthma.66,95,96 A study of 566 children with asthma in South Korea found those sensitised to mould compared with those sensitised to other aeroallergens but not mould had significantly lower lung function and increased airway hyper-responsiveness.97  There was no difference between the two groups in terms of incidence of rhinitis or eczema, FENO or blood oesinophil levels, suggesting the relationship between fungal sensitisation and STRA is not merely due to increased atopic tendency. A similar study showed those sensitised to moulds compared with those sensitised to other aeroallergens but not moulds had a significantly lower FEV1 and were more likely to have STRA, suggesting moulds may play a greater role in STRA than other aeroallergens.98
However, this strong association between fungal sensitisation and STRA is not demonstrated in all studies.99 The Melbourne Air Pollen Children and Adolescent Study investigated 644 children hospitalised for asthma and found exposure to ambient levels of Alternaria and other common fungal spores was significantly associated with hospitalisations for asthma.100 At the time of hospitalisation 69% were infected with human rhinovirus (HRV), but the risk associated with ambient mould levels remained after controlling for HRV infection, suggesting moulds and viruses act synergistically to increase exacerbation risk. This risk was also independent of ambient pollen and pollution levels, and the effects were seen up to 3 days after exposure. The increased risk of hospitalisation was seen in children with asthma with and without fungal sensitisation measured by SPT, and while the risk appeared higher in those sensitised, this did not reach statistical significance. In an international cross-sectional study of 46,051 children, asthma symptoms and exposure to damp spots or moulds in the house was assessed by parental questionnaire, and exposure to damp or moulds was associated with greater severity of wheeze, but not bronchial hyper-responsiveness, in children regardless of atopic status.101 Other studies have similarly found that exposure to moulds is associated with asthma severity in atopic and non-atopic children.102
The pathophysiology underlying the observed link between STRA and moulds is not clear but several mechanisms have been proposed. Firstly, it has been assumed that an inflammatory response occurs in the airways of sensitised children in response to exposure to allergenic components of environmental fungi.103 Secondly, long-term colonisation or infection of the airways with allergenic fungi could provide a persistent source of allergen exposure and trigger pro-inflammatory host defence mechanisms.95,97,103,104 Severe asthma with fungal sensitisation (termed SAFS) may represent a discrete phenotype of STRA, with properties similar to allergic bronchopulmonary aspergillosis (ABPA) in adults, and possible improvement with antifungal therapies.24,103-105 SAFS is typically associated with worse inflammation than other phenotypes of STRA despite more asthma treatment.9 It has even been reported that chronic fungal infection of the skin and nails can exacerbate asthma, with improvement in asthma symptoms and lung function on treatment of the infection.24 Thirdly, it has been proposed that some fungal antigens can trigger autoimmune reactions, when an immune response targeting a fungal protein also targets the closely related human counterparts, potentially exacerbating airway inflammation.24 Finally, moulds in indoor environments, including bedding, are known to release volatile components that may irritate the respiratory mucosa and increase asthma severity independently of allergic mechanisms.24 
There are several possible explanations for the inconsistent relationship between STRA and fungal sensitisation. Fungal spores are ubiquitous in indoor and outdoor environments but levels vary with geographical area and weather/climate conditions, so it can be difficult to establish a link between exposure and asthma symptoms.68,95,100  The link is also complicated by a degree of cross-reactivity between the different fungal species and the fact that many children are polysensitised to various moulds and pollens with overlapping seasons.66,100 Accurately detecting fungal sensitisation is complicated by variable use of SPT and sIgE in different studies and a lack of standardised reagents for SPT. Many studies have not considered degree of sensitisation or quantified exposure to moulds, and have relatively small sample sizes.100 Finally, exposure to moulds may drive STRA in some children through a combination of allergic and non-allergic mechanisms outlined above.  More research is needed to understand which of these mechanisms are responsible for the relationship between STRA and moulds in children. 
In children with STRA it is important to assess for mould sensitisation and exposure so appropriate avoidance measures can be taken. A combination of SPT and sIgE quantification are recommended as together they can accurately predict clinical reactivity.24 Management of SAFS can be difficult as spore concentrations can be unpredictable and exposure difficult to avoid.68 Advice regarding potential risk situations such as thunderstorms and handling mouldy vegetation should be given to mitigate the effects of outdoor exposures.66 Evidence for a potential benefit of antifungal therapy in SAFS is very limited,24 and techniques for fungal culture from sputum and bronchoalveolar lavage have low sensitivity for detecting infection.98 Whilst case-reports are positive, randomised controlled trials are needed to understand the role of antifungals in SAFS. 
Pollens
Pollen is known to be a strong trigger for seasonal AR and conjunctivitis and has been reported to trigger asthma exacerbations in sensitised children.34 In a study in Atlanta, ambient grass and tree pollen levels contributed to asthma morbidity in children, with a significant 10-15% increase in emergency department attendances for asthma on the days with the highest pollen concentrations.106 Other studies have shown similar results.107 A recent meta-analysis showed small increases in grass pollen levels (of 10 grass pollen grains per cubic meter) are associated with a significant increase of in mean number of asthma exacerbations in children presenting to the emergency department.108 Pollen levels can vary considerably throughout the year, with levels up to 100 grains/m³ resulting in an increase in ED presentations of 18.8%.108 A 3-day lag is frequently reported between peak pollen levels and peak asthma admissions.108 Pollen allergy  also demonstrates a synergistic relationship with viral infections, as respiratory viral infections are more likely to be associated with severe asthma exacerbations requiring hospitalisation when ambient grass pollen concentrations are high.34,109,110
Pollens are much larger than HDM and mould allergens and are more likely to be filtered out by the upper airway so less penetrates the lower airways.34 This may explain why pollen allergy is more consistently linked to rhinitis and conjunctivitis than to asthma. However, some weather conditions, including thunderstorms, encourage rupture of pollen grains releasing smaller submicronic particles that can penetrate further into the lower airways.34 These may explain the higher incidence of acute asthma exacerbations at these times.108 Pollen allergy may also contribute to worsening asthma control during peak seasons through its impact on AR control. 
Children with STRA and seasonal AR with worsening asthma symptoms during pollen season should have personalised management plans that take this into account. Pollens are difficult to avoid so asthma medication may need to be increased pre-season with concomitant treatment of seasonal AR. Omalizumab may be useful in reducing the risk of severe exacerbation in those with STRA.111

Understanding the relationship between allergy and STRA

The aetiology of STRA in children is complex and likely to be multifactorial, with combined or interacting effects of multiple host and environmental factors. As can be seen above, most studies have focused on a single risk factor for STRA (e.g. mould sensitisation/exposure). Some studies have looked at the interaction between two risk factors (e.g. pollen, mould or HDM sensitisation/exposure and viral respiratory infections). Few studies have attempted to understand how the many factors suspected to contribute to asthma severity interact and quantify the relative importance of each.112 A conceptual model has been developed to understand the pathways through which various risk factors contribute to asthma severity using data from inner-city children receiving optimal guidelines-based asthma treatment.113 This model identified allergy pathways through which increased allergic sensitisation is associated with significantly increased asthma severity through increased allergic inflammation, and subsequently impaired pulmonary physiology and increased rhinitis severity. Had data on allergen exposure been included in the model, the strength of association between allergic sensitisation and asthma severity is likely to have been even stronger. Interestingly, rhinitis severity has a very strong direct effect on asthma severity but not through effects on pulmonary physiology (FEV1 % predicted and FEV1/FVC) as has been suggested previously, so more likely through the impacts of reduced air filtering/conditioning by the upper airways. A second pathway linking environmental tobacco exposure to impaired pulmonary physiology and asthma severity was also identified as important, but other factors including obesity, vitamin D and stress where much less important. These pathways explained 53.4% of the variance in asthma severity in this cohort, highlighting that allergy and environmental tobacco exposure are key determinants of STRA. This model also demonstrates that the relationship between allergy and STRA is complex, with allergic sensitisation mediating asthma severity through downstream effects on airway inflammation, obstruction and rhinitis. Successful interventions that reduce allergic sensitisation, allergen exposure and rhinitis severity in children with STRA may suppress the allergy pathway and reduce asthma severity. 

Allergic sensitisation patterns in STRA phenotypes
Asthma is a heterogeneous disease and even among children with STRA there are large variations in clinical characteristics and responses to treatments.2,114,115 This has led to the idea that there are different asthma phenotypes with shared characteristics and pathophysiological mechanisms. In a study of children with asthma and at least one sensitisation in the Trousseau Asthma Program cohort, two phenotypes of STRA were identified: ‘severe asthma with multiple allergies’ associated with increased inflammatory markers (sIgE and FENO), impaired lung function, co-morbid eczema, allergy to aeroallergens, and the presence of mould in the home; and ‘severe exacerbations with pollen sensitisation’ associated with lower inflammatory markers but increased incidence of hospitalisation for exacerbations of asthma and the highest incidence of food and pollen allergy.22 They also identified two mild asthma phenotypes: ‘mild asthma with HDM monosensitisation’ was the largest group, with the lowest asthma severity and lowest prevalence of eczema and FA; and ‘mild asthma with multiple allergic sensitisations’ with lower IgE and FENO and higher lung function than ‘severe asthma with multiple allergies’ and no association with allergic comorbidities.22 It was suggested the sensitisations in this latter group may represent asymptomatic sensitisations rather than clinically relevant allergy given the lower level of atopy in this group (lower IgE and fewer allergic comorbidities) compared to the SA group.22 So STRA was associated with multiple allergies, including to moulds, and the presence of allergic comorbidities. In the Inner-City Asthma Consortium Asthma Phenotypes in the Inner City (APIC) study, cluster analysis of children with guidelines-managed asthma and rhinitis from nine urban areas of the United States was performed.116 Five asthma phenotypes were identified. Four groups were distinguished by progressively higher asthma severity, degree of allergic sensitisation, allergic inflammation, bronchial hyper-responsiveness, eczema, food allergy and AR. This progressed from a ‘mild asthma and rhinitis, normal lung function and minimally atopic’ group up to the most severe ‘treatment-unresponsive asthma, severely impaired lung function, highly allergic’ group. The fifth group differed significantly from the others as they had highly symptomatic asthma despite high doses of medications but few allergies and minimally abnormal lung function. This group had slightly higher exposure to environmental tobacco smoke, which may have contributed to their asthma severity.
Four other studies attempting to identify asthma phenotypes have used cluster approaches, and each identified a phenotype with characteristics similar to the ‘severe asthma with multiple allergies’ phenotype, either combined with or alongside a ‘severe exacerbations’ phenotype.23,117-119 Phenotypes with predominantly STRA were mostly characterised by increased allergic sensitisation, predominant eosinophilic airway inflammation, , and impaired lung function. However, similar to the APIC study, another phenotype of STRA was identified in several of these studies which involved less allergic sensitisation, fewer allergic co-morbidities, and lower predominance of eosinophilic airway inflammation.24,114,115,118 This highlights the heterogeneity of STRA and suggests that whilst allergy may be an important factor in STRA for many children it is not likely to be driving STRA in all children. It is important to note that the asthma phenotypes in these studies partially overlapped in terms of asthma severity and clinical presentation, with a proportion of children sharing characteristics of more than one group, and no single phenotype corresponded completely with the definitions of STRA proposed in recent guidelines. Potential reasons for the slight differences between phenotypes identified in different studies are differences in study inclusion criteria, and inconsistent inclusion of variables likely to impact on asthma severity.116,120 Cluster analysis may also fail to uncover variables that interact in a complex manner to impact on asthma severity, for example not including exposure to allergens when considering the relationship between sensitisation and asthma severity may mean the link between allergy and STRA phenotypes is less clear.116 Despite this, these phenotyping studies have the potential to improve our understanding of the factors underlying STRA and how they may be modified to improve asthma control.121,122 Longitudinal studies of childhood asthma are needed to confirm the value of these phenotypes in assessment and management of STRA in clinical practice. 

Summary
We found the most evidence for a link between AR and STRA in children. It is possible that the relationship is causal as increasing severity of AR is associated with increasing severity of asthma, there are plausible biological mechanisms for a causal link, and the association remains after adjustment for atopy. An association between eczema and more severe asthma can be seen but this is likely to be due to shared underlying atopic tendencies. There is growing evidence to support a relationship between FA and STRA, with FA seeming to be particularly associated with severe asthma exacerbations in children, but more research is needed to understand the underlying mechanism. The aeroallergen most implicated in STRA is mould, with exposure in sensitised children implicated in severe exacerbations as well as severe persistent asthma as part of the SAFS and ‘severe asthma with multiple allergies’ phenotypes of STRA. There are multiple plausible mechanisms, both allergic and non-allergic, through which mould exposure  may drive STRA. Pollen allergy is also associated with acute severe exacerbations of asthma, and likely also contributes to STRA indirectly through AR severity. Pet allergy seems to be associated with STRA in some sensitised children and can even affect those from pet-free homes. Allergies to pests including mouse and cockroach also seem to be an important factor in STRA for some children, particularly in low socio-economic urban areas. HDM allergy has been associated with asthma symptoms but does not seem to be a risk factor for ongoing STRA. However, sensitisation and exposure to any of the three key aero-allergens: HDM, pollens or moulds, increases the risk of severe asthma exacerbations during viral respiratory tract infections.

Implications for the clinician
Despite some uncertainty regarding the mechanisms underlying the relationships between STRA and allergy in children, we have seen that exposure to allergens and allergic co-morbidities are intimately linked with asthma morbidity and mortality. A high index of suspicion for the involvement of allergy is needed in cases of acute severe exacerbation of asthma with no identifiable triggers and in children with ongoing STRA. The combination of allergic sensitisation, allergen exposure and viral respiratory tract infection is strongly associated with severe asthma exacerbations (accounting for 69-85% of exacerbations requiring hospitalisation or oral corticosteroids).9,70,100,123 Viral infections cannot presently be prevented, and reduction in allergic sensitisation with immunotherapy is generally contraindicated in severe asthma, hence efforts to reduce allergen exposure are essential. The Community Healthcare for Asthma Management and Prevention of Symptoms (CHAMPS) study has shown that evidence-based asthma interventions tailored to the individual child’s allergic sensitisation and home allergen exposure profile can significantly reduce symptom days in children with moderate-severe asthma compared to a control intervention (difference of days -0.99, p<0.001).124 An approach to identify and manage allergic triggers in STRA is summarised in Box 2. 

Box 2. An approach to identify and manage STRA and allergic triggers All children with uncontrolled asthma despite treatment with 800µg/day of inhaled budesonide (or equivalent) should be evaluated by a paediatric respiratory specialist and the accuracy of the diagnosis of asthma checked.5,8,14,9,11 Focus should be placed on the following allergy associated issues:
1. Detailed assessment of allergic status:
 A thorough history to establish: previous reactions to allergens (specifically foods, animals/pets/pests, moulds, pollens and HDM), exposures to allergens at home and community (pets, hobbies, visits to homes of others) and any symptoms suggestive of allergic rhinoconjunctivitis. 
 Specific IgE testing for likely aeroallergens and potential food allergens by SPT and/or specific IgE tests.14,125,126 
5. Management of any co-existing allergies:
 Avoidance of aeroallergens where possible with appropriate education for the family.  
 Management of co-existing allergic rhinoconjunctivitis with oral antihistamine, intranasal steroid and/or antihistamine and ocular antihistamine or cromoglycate as required.50
 Management of co-existing food allergy including avoidance advice, personal management plan for allergic reactions and access to self-injectable adrenaline.128-130
 Management of SAFS with avoidance of moulds where possible, including interventions in homes with visible mould, avoidance of mouldy vegetation including stables, and cleaning nebuliser and spacer equipment. Antifungal therapy may need to be considered though evidence for itraconazole and voriconazole in children is weak and may be associated with significant side effects.9,94,131
6. Consider additional therapy to reduce the impact of allergy and optimise asthma control:
 Omalizumab, a monoclonal antibody that binds circulating free IgE, has been successful in improving asthma control in atopic children ≥6 years with STRA.7  However, not all children adequately to Omalizumab.14,16 
 Mepolizumab, Reslizumab and Benralizumab are newer monoclonal antibodies targeting interleukin-5, there is currently minimal data on their efficacy for paediatric STRA.141-146 
 Subcutaneous or sublingual immunotherapy to symptomatic aero-allergens may reduced asthma severity in children with mild-moderate asthma71,132,133 but safety concerns surrounding the use of immunotherapy in STRA.

Future developments
There are several problems to overcome in order to fully understand the role of allergy in driving STRA. Firstly, difficulties interpreting the results of studies investigating the characteristics of children with STRA have arisen from the use of different definitions of SA. The results of studies that have equated problematic severe asthma with STRA, and not identified misdiagnosis and difficult asthma, are likely to differ from those studies looking at true STRA.2,14 This is likely to make identification of STRA phenotypes and their underlying mechanisms less accurate, and means they will be less useful as guides to management of STRA in the clinical setting. Consistent use of problematic severe asthma, difficult asthma, and STRA is vital in order to advance our understanding of STRA and its triggers. Secondly, a limitation of some studies has been assessing sensitisation to allergens based on serology alone and not taking into account clinical reactivity. It is possible that some sensitisations identified by SPT or sIgE reported in the literature are not clinically significant and are therefore of less importance for asthma severity. Studies focusing on clinical allergy are needed but confirming this in large cohort studies is difficult. It is possible that new microarray methods of analysing multiple allergen components will become more widely utilised and may help distinguish clinically significant allergy from biological sensitisations,8,127 and may also shed light on the significance of discordance between sensitisation on SPT and sIgE often detected in clinical practice.  Thirdly, many studies investigating risk factors for asthma severity have considered children with STRA and children with mild-moderate asthma as dichotomous groups and fail to account for the heterogeneity within these groups, so will not identify the likely complex multifactorial aetiology of STRA. Phenotyping studies and pathways analyses are helping to address this issue.There is substantial evidence that allergy is an important factor driving STRA and it is likely that STRA phenotypes are, at least in part, differentiated by the type and number of allergic sensitisations and presence and severity of allergic co-morbidities. Improved understanding of these STRA phenotypes will hopefully translate into the clinical setting, where identifying an individual child’s asthma phenotype could help predict their risk of severe exacerbations, identify the allergic co-morbidities and sensitisations that are most important for their asthma control, and allow allergen avoidance and treatment to focus on these triggers.22 For example, children with the ‘severe exacerbations’ phenotype and sensitisation to food or aeroallergens may benefit from Omalizumab.22 Potentially specific immunotherapy may be useful in those with limited clinically important allergens possibly under Omalizumab cover to reduce systemic allergic responses.147

Conclusions
STRA in children is heterogeneous in relation to allergic sensitisation, lung function, inflammation, and response to treatment, and our incomplete understanding of the underlying mechanisms limits our ability to effectively manage children in this challenging group. Allergic comorbidities particularly AR and FA seem to be important factors driving STRA in some children. Aeroallergens including moulds, pollens, HDM and animal dander have also been implicated in driving STRA in some children, and often act synergistically with viral respiratory infections. It seems that STRA phenotypes in children are differentiated by the type and number of allergic sensitisations and targeting these might lead to improvements in asthma control. Identifying STRA phenotypes and their allergic triggers in clinical practice will be key to further improvement and personalisation of STRA treatment. 
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Appendix 1: Literature review search strategy
We performed a literature review using Medline and Embase databases, searching for any relevant articles from 2010 to 2018. Search was last run on 2nd June 2018. 
Medline:
1. asthma*.ti
2. problem*.ti,ab 
3. sever*.ti,ab
4. difficult*.ti,ab
5. 2 OR 3 OR 4
6. 1 AND 5
7. exp HYPERSENSITIVITY/
8. hypersensitiv*.ti,ab
9. allerg*.ti,ab
10. eczema*.ti,ab
11. wheez*.ti,ab
12. DERMATITIS, ATOPIC/ OR ECZEMA/
13. dermatitis.ti,ab
14. rhinitis*.ti,ab
15. urticaria.ti,ab
16. hayfever*.ti,ab
17. 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16
18. 6 AND 17 [DT 2016-2018] [Languages English] [Human age groups Infant,newborn OR Infant OR Child,preschool OR Child OR Adolescent] 
Embase:
1. asthma*.ti
2. problem*.tw
3. sever*.tw
4. difficult*.tw
5. 2 OR 3 OR 4
6. 1 AND 5
7. exp hypersensitivity/ or exp allergy/
8. hypersensitiv*.w
9. allerg*.tw
10. eczema*.tw
11. wheez*.tw
12. DERMATITIS, ATOPIC/ OR ECZEMA/
13. dermatitis.tw
14. rhinitis*.tw
15. urticaria*.tw
16. hayfever.tw
17. 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16
18. 6 AND 17 [DT 2010-2018] [English Language] [Human age groups Infant to one year OR Child unspecified age OR Preschool Child 1 to 6 years OR School Child 7 to 12 years OR Adolescent 13 to 17 years]
